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Within the European Community snow damage affects an estimated 4 million m3 of
timber every year, causing significant economic losses to forest owners. In Northern
Europe, for example, the occurrence of snow damage has increased over the last few
decades mainly due to the increase in total growing stock. The most common form of
damage is stem breakage, but trees can also be bent or uprooted. Trees suffering snow
damage are also more prone to consequential damage through insect or fungal attacks.
Snow accumulation on trees is strongly dependent upon weather and climatological
conditions. Temperature influences the moisture content of snow and therefore the
degree to which it can accumulate on branches. Wind can cause snow to be shed, but can
also lead to large accumulations of wet snow, rime or freezing rain. Wet snow is most
likely in late autumn or early spring. Geographic location and topography influence the
occurrence of damaging forms of snow, and coastal locations and moderate to high
elevations experience large accumulations. Slope plays a less important role and the
evidence on the role of aspect is contradictory. The occurrence of damaging events can
vary from every winter to once every 10 years or so depending upon regional climatol-
ogy. In the future, assuming global warming in northern latitudes, the risk of snow
damage could increase, because the relative occurrence of snowfall near temperatures of
zero could increase.
The severity of snow damage is related to tree characteristics. Stem taper and crown
characteristics are the most important factors controlling the stability of trees. Slightly
tapering stems, asymmetric crowns, and rigid horizontal branching are all associated
with high risk. However, the evidence on species differences is less clear due to the
interaction with location. Management of forests can alter risk through choice of regen-
eration, tending, thinning and rotation. However, quantification and comparison of the
absolute effect of these measures is not yet possible. An integrated risk model is required
to allow the various locational and silvicultural factors to be assessed. Plans are pre-
sented to construct such a model, and gaps in knowledge are highlighted.
Keywords snow damage, stem breakage, snowfall, stand management, risk assessment
193
Silva Fennica 31(2) review articles
Authors' addresses Nykänen, Peltola (corresponding author) and Kellomäki, University of
Joensuu, Faculty of Forestry, P.O. Box 111, FIN-80101 Joensuu, Finland; Quine,
Forestry Commission Research Division, Roslin, United Kingdom; Broadgate, Macaulay
Land Use Research Institute, Aberdeen, United Kingdom Fax +358 13 251 4444 E-mail
heli.peltola@forest.joensuu.fi
Accepted 15 April 1997
1 Introduction
Snow damage is a significant problem in boreal,
maritime temperate and mountain forests. For
example, within the European Community snow
damage affects an estimated 4 million m3 of
timber every year. Snow damage can cause sig-
nificant economic losses to forest owners through
reduction of timber quality and timber volumes
in damaged stands (e.g. Juutinen 1953, Suomin-
en 1963, Valinger and Lundqvist 1992a). As the
commonest form of damage is stem breakage
the loss in value of timber can be particularly
severe. A further consequence of snow damage
is the increased risk of attack by insects and
fungi (e.g. Rottmann 1985a, Valinger and Lun-
dqvist 1992a, 1994). The location of snow dam-
age in forests depends mostly on weather and
climatological conditions, but the topography of
a site also affects the probability of snow dam-
age occurrence (Persson 1972, Norokorpi 1981,
Rottmann 1985a, Solantie 1994). The trees and
stands damaged depend upon tree characteristics
which are determined by the species and stand
management regimes (e.g. Petty and Worrell
1981, Valinger etal. 1993).
This review summarises the literature availa-
ble on factors affecting snow damage with par-
ticular reference to Europe, especially Northern
Europe, Central Europe and Britain, proposes
ways to reduce the risk of snow damage, and
identifies further work required. The literature
does not always distinguish between damage
caused by accumulation of snow, and that caused
by rime (fog droplets freezing on surfaces) or
freezing rain (rain or drizzle that freezes on im-
pact); although the mechanical effects may be
similar the pattern of loading may differ - in
particular these freezing droplets will accumu-
late on the windward side of objects. This re-
view concentrates on damage caused by snow
but refers to the other damage types where ap-
propriate.
2 Description of Snow Damage
to Trees
Snow damage is caused by large amounts of
snow accumulating on tree crowns and stems
(e.g. Solantie and Ahti 1980, Solantie 1994).
This accumulation exerts additional stresses upon
the crown, stem and roots of trees (Persson 1972,
Worrell 1979). Failure of a particular component
of the tree to resist this additional loading will
result in crown or stem breakage, stem bending
or uprooting (Williston 1974, Worrell 1979, Pet-
ty and Worrell 1981, Perttilä 1987, Slodicäk
1995). Once this has occurred there is an in-
creased risk of consequential damage (Valinger
and Lundqvist 1992a, 1992b, 1994). Effects on
tree form caused by abrasion of ice crystals on
foliage are not considered here (Wooldridge et
al. 1996).
2.1 Stem and Crown Breakage
Stem breakage is the most common type of snow
damage, especially in middle-aged (pole stage)
or mature stage stands (Williston 1974, Braastad
1978, Worrell 1979, Petty and Worrell 1981,
Perttilä 1987, Slodicäk 1995). This type of dam-
age occurs when stem resistance to bending is
lower than root anchorage strength (Valinger and
Lundqvist 1992a, 1992b, 1994). Resistance to
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stem breakage seems to increase as a function of
dbh3 (dbh = breast height diameter) (Petty and
Worrell 1981, Jones 1983, Petty and Swain 1985,
Peltola and Kellomäki 1993). However, it is also
affected by modulus of rupture, which varies
depending on tree species, wood density and
knottiness (i.e. growth rate and spacing) (Lavers
1969). The modulus of elasticity, which also
varies between different tree species, affects the
ability of a tree to resist stem deflection under
snow loading and finally stem breakage (e.g.
Petty and Worrell 1981, Peltola et ai. 1997a).
Breakage can occur at a variety of heights (Ffol-
liot and Thompson 1976, Worrell 1979) but a
position at 25-30 % of tree height as measured
from the stem base (Rottmann 1985a) has been
suggested as common. Variability in point of
breakage has been attributed to species and age.
For example, crown breakage is typical in Nor-
way spruce (Picea abies L.) (Juutinen 1953, Sam-
uelson 1970, Valinger et al. 1994), but stem
breakage can occur in the middle of the crown,
beneath the crown, and near the stem base in
Scots pine (Pinus sylvestris) and birch sp. (Betu-
la sp.). In practice, the precise point of breakage
will depend also upon stem taper, wood strength,
and presence of defects such as knots, whorls
and rot. At present there is no clear understand-
ing of the relative effects of these different fac-
tors on the mechanism of tree failure.
The subsequent impact of damage depends
partly on the position at which breakage occurs.
If a stem breaks below the living crown the tree
will die (Heikinheimo 1920, Worrell 1979). When
fracture occurs within the living crown, it causes
a loss of dominance and increment rates subse-
quently fall (Schöpfer 1964, Armescu 1973,
Worrell 1979). Although damaged trees often
recover satisfactorily, damage still causes direct
timber loss. Stems tend to be crooked, forked
and have multiple leaders (e.g. Heikinheimo
1920, Williston 1974, Norokorpi and Kärkkäi-
nen 1985) particularly if the trees have been
damaged in more than one event. The duration
of recovery is dependent on the height of break-
age, age of tree (Juutinen 1953), and tree species
(Williston 1974). Stem and crown breakage also
increases the susceptibility of trees and stands to
fungal and insect attack (Juutinen 1953, Rum-
mukainen 1967, Williston 1974, Megahan and
Steele 1987, Schroeder and Eidmann 1993, Valin-
ger and Lundqvist 1994).
2.2 Stem Bending
Stem bending can be caused by snow loading of
tree crowns or lateral movement of the snow
pack. Stem bending may be manifested in bend-
ing of upper stem or sweep of the lower stem. It
has been reported in many coniferous species
(Williston 1974, Ffolliot and Thompson 1976,
Worrell 1979) and in some deciduous tree spe-
cies (Samuelson 1970). The stems of small trees
may suffer bending without any visible fractures
(Solantie 1994), although basal bow of young
trees can result (Sugiyama and Saeki 1963,
Goebel and Deitschman 1967, Kangur 1973, Gill
1974, Shepard 1975, Worrell 1979, Perttilä 1987).
Trees of small diameter are believed to be more
prone to bend than to other forms of snow dam-
age (Rottmann 1985a, Megahan and Steele 1987,
Sampson and Wurtz 1994).
Snow induced bending in trees may persist for
several years or only a few months (Schmidt and
Schmidt 1979); in extreme cases the tree may
never recover. The degree to which a tree recov-
ers depends on the angle of bending (Curtis 1936,
Williston 1974). Some pines which have been
bent by as much as 40° have been found to
recover satisfactorily, whereas trees bent beyond
60° never recover (Williston 1974). Repetitive
loading may prevent recovery and lead to break-
age (Heikinheimo 1920, Curtis 1936). Bending
reduces height growth (Megahan and Steele
1987), but it may also cause compression fail-
ures in timber on the concave (Rendle et al.
1941, Mergen and Winner 1952, Williston 1974,
Worrell 1979) or downhill side of the stem (Meg-
ahan and Steele 1987). Heikinheimo (1920) has
suggested that in northern Finland, wood was
weaker on the southern sides of stems where
snowloads tend to accumulate.
2.3 Uprooting
Snow loading can also cause uprooting of trees
when the ability of stems to resist bending and
breakage is greater than the root anchorage
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Table 1. Species most commonly associated with consequential insect attack after snow damage.
Insect Tree species References
Tomicus sp.
(pine shoot beetles)
Pissodes sp.
(pine weevils)
Rhizophagidae sp.
(Rhizophagidae-beetles)
Pityogenes chalcographus
(Pityogenes-beetle)
Ips typographus
(spruce bark beetle)
Siricidae sp.
(wood wasps)
Trypodendron lineatum
(spruce ambrosia)
Cerambycidae sp.
(longhorn beetles)
Pinus sylvestris
(Scots pine)
Pinus sylvestris
Pinus sylvestris
Picea abies
(Norway spruce)
Picea abies
Pinus sylvestris &
Picea abies
Pinus sylvestris &
Picea abies
Pinus sylvestris &
Picea abies
Juutinen 1953, Persson 1972
Rottmann 1985a
Rottmann 1985a
Rottmann 1985 a
Persson 1972, Rottmann 1985a
Persson 1972, Rottmann 1985a
Rottmann 1985a
Rottmann 1985a
Rottmann 1985a
strength (Valinger and Lundqvist 1992a). Up-
rooting does not occur as often as stem breakage
(e.g. Kangur 1973, Worrell 1979). This may be
due to the fact that in some countries, for exam-
ple in Northern Europe, forest soils are usually
frozen at the time of the heaviest snow loading
(Peltola et ai. 1997b). However, resistance to
uprooting has been found to be a function of
height x dbh2, rather than dbh3, which means that
uprooting is less strongly dependent on dbh than
breakage (Gardiner et al. 1997). Some species,
such as young Scots pines, seem to be more
susceptible to uprooting than to stem breakage
(Solantie 1994). This may be due to an imbal-
ance in the biomass allocation between roots and
above ground part of a tree. Uprooting may re-
sult in complete upheaval of the root system.
Roots may also be loosened leading to toppling
and socketing of the tree. Root development and
soil conditions influence this type of failure and
impediments to symmetric root development
through ground slope, the presence of rocks, wa-
terlogging or plough furrows will predispose trees
to overturning (Sanzen-Baker and Nimmo 1941,
Worrell 1979, Solantie 1994).
2.4 Consequential Damage
Following snow damage, trees are often suscep-
tible to several kinds of consequential damage
(Schroeder and Eidmann 1993). Both insect and
fungal attacks can occur and can lead to difficul-
ties in regeneration (Rottmann 1985a). The in-
sects which most affect trees after snow damage
are presented in Table 1, for species for which
information was available, i.e. Scots pine and
Norway spruce. Trees which have lost more than
half of their crowns are likely to be damaged by
insect attack (Juutinen 1953). This may cause
reduced growth rates and a reduction in timber
quality, and the insects can also spread to un-
damaged trees (Juutinen 1953, Persson 1972,
Rottmann 1985a). The combined treatments of
thinning and fertilization may also increase the
risk of snow damage and windthrow and conse-
quential insect damage to the entire stand (Valin-
ger and Lundqvist 1992b). Therefore, it is im-
portant to take care of forest hygiene after snow
damage (Juutinen 1953) and remove damaged
trees (Samuelson 1970, Valinger and Lundqvist
1992b, Valinger et al. 1994).
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According to Juutinen (1953), fungal damage
after snow damage is more common for Norway
spruce and birch sp. than for Scots pine. The
effects of fungal attack are dependent on the tree
age, the diameter of the breakage and the height
of the crown remaining after snow damage. The
larger the extent of living crown which remains,
the less probable it is that rot will develop (Rott-
mann 1985a). In Germany, for example, some of
the typical fungal types which infect trees as a
consequence of snow damage are bleeding
stereum (Stereum sanguinoletum) and root rot
(Fomes sp.). Trees infected by fungal diseases
after frequent thinning may be more liable to
further snow and wind induced damage (Samu-
elson 1970, Perttilä 1987). Consequential dam-
age causes major economical losses due to tim-
ber degrade and loss of volume of quality tim-
ber. In addition, the harvesting costs in damaged
forests are increased and the establishment of
regeneration may also become difficult (Juuti-
nen 1953, Persson 1972, Valinger and Lundqvist
1992b, Valinger and Lundqvist 1994, Rottman
1985a).
3 Effects of Weather and
Climatological Factors
3.1 Interaction of Temperature and
Windspeed with Quantity and
Type of Snow
Accumulation of snow on trees sufficient to cause
snow damage depends upon the quantity of snow
and the type of snow. These are determined by
weather conditions, primarily the windspeed and
the temperature (see Fig. 1), which are in turn
influenced by time of year, location and topogra-
phy (Heikinheimo 1920, Gill 1974, Solantie and
Ahti 1980, Rottmann 1985a, Solantie 1994). Ex-
cessive loading of snow over a winter in conti-
nental conditions can cause damage (Heikinhei-
mo 1920, Norokorpi 1981, Sampson and Wurtz
1994).
The process of snow interception by trees is
complex and involves components of through-
fall, adhesion, cohesion, wind removal, sliding,
melting and vapour transport (Keller 1979). The
SNOWFALL
20 - 60 cm / 5 days
T > 0.6 °C or
T < - 5 °C
\ /
SNOW DOES NOT
ACCUMULATE ON
TREE CROWN
\ /
NO RISK OF MODERATE
TO SEVERE SNOW
DAMAGE
\ /
-3 °C < T < 0.6 °C
and U < 9 ms1
SNOW ACCUMULATES
ON TREE CROWN
\ /
RISK OF MODERATE
TO SEVERE SNOW
DAMAGE
Fig. 1. Effects of temperature (T) and windspeed (U) on snow accumula-
tion on tree crowns and on the risk of moderate to severe snow
damage in Northern Europe. The limit is set for low or moderate at
about 40 mm and for severe at over 60 mm of precipitation (Solan-
tie 1994).
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Snow load, kg /m 2
Fig. 2. Snow loading of 60 kg/m2 may cause stem breakage in Scots pine
and Norway spruce along the stand edge, but is not sufficient to
cause breakage in birch sp. (for trees 12 m tall with taper 1:120).
Columns indicate combined loading of snow and wind, where
windspeed is taken as a constant of 8 m/s above the canopy top. The
broken lines indicate critical values of stem strength (Peltola et ai.
1997a).
process is strongly dependent on temperature
because it influences the water content of snow
(Sugiyama and Saeki 1963, Miller 1964, Saeki
and Sugiyama 1965, Gill 1974, Worrell 1979).
Snow can vary in density from 0.05-0.40 g/cm3
depending upon moisture content and form of
snow (Jackson 1977). Measurements of snow
loading of Sitka spruce have shown that wet
snow 4-8 cm thick weighed 0.9-2.1 g/cm of
shoot, i.e. 3.1-4.5 times the fresh weight of
branches; rime weighed 2.3^4.3 g/cm, i.e. 7.2-
11.7 times the fresh weight (Cannell and Mor-
gan 1989).
For snow damage to occur a certain snow load
must develop such that the weight is sufficient to
break components of individual trees. Failure
may occur when the accumulation reaches a crit-
ical value during a single snow event or after
prolonged loading. Coniferous trees have been
found to suffer damage by snow loads of ap-
proximately 50 kg/m2 (i.e. snowfall 50 cm), and
deciduous trees by snow loads under 25 kg/m2
(Heikinheimo 1920, Rottmann 1985a). These crit-
ical limits are, however, only rough estimates
and can vary a great deal depending on factors
such as tree species, age, size and stand manage-
ment (Rottmann 1985a). For example, Peltola et
al. (1997a) have suggested on the basis of model
computations that slender, slightly tapering (e.g.
dbh/height 1:120) Scots pines and Norway spruce
which are 12 m in height will suffer snow dam-
age for snow loads of 60 kg/m2 along the stand
edge, but birch sp. will not (Fig. 2). In these
computations the resistance to stem breakage
was assumed to be related to dbh3, and 70 % of
the values of modulus of rupture obtained from-
static tests of clear wood were used as the criti-
cal values under short term loading (Lavers 1969,
Petty and Worrell 1981); thus, values of 32, 25
and 44 MPa for Scots pine, Norway spruce and
birch sp. were used as estimates for the strength
of green wood (Peltola et al. 1997a).
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The most favourable conditions for snow ac-
cumulation are light winds, falling air tempera-
tures and no sunshine. Cohesion and adhesion of
snow is greatest at temperatures just below freez-
ing. Large snow loads tend to accumulate rapid-
ly and evenly on crowns at temperatures in the
range +0.6 to -3 °C, when the size and form of
snow flakes are most suitable for accumulation
(Saeki and Sugiyama 1965, Worrell 1979, Solan-
tie 1994). It has been suggested that the right
conditions for damaging snowfalls can occur even
with temperature ranges from +3 to -5 °C (Saeki
and Sugiyama 1965, Worrell 1979). The narrow
temperature ranges for optimal accumulation are
often manifested as clear bands or zones of lo-
calised damage controlled by altitude and dis-
tance from the coast (Suominen 1963, Worrell
1979).
Snow accumulation occurs by the formation
of a platform on tree needles during initial accu-
mulation, upon which subsequent flakes can ac-
cumulate producing a loading effect (Heikinhei-
mo 1920, Kangas 1959, Suominen 1963, Hoo-
ver and Leaf 1965, Satterland and Haupt 1967,
Worrell 1979, Solantie 1994). Conditions after
the initial snowfall can be important. Retention
of snow on crowns following interception is tem-
perature dependent. If temperatures exceed
+0.6 °C for a three hour duration this may cause
damage to be reduced or even prevented because
the snow will become wet enough to slip off the
tree (Solantie and Ahti 1980, Solantie 1994).
Shedding can also occur if snow falls at lower
temperatures e.g. lower than -5 °C because at
these temperatures snow is dry and does not
adhere. When snow is intercepted at very low
temperatures and there is a subsequent increase
in temperature, shedding can occur due to the
reduction in stiffness of branches (Schmidt and
Pomeroy 1990). Snow damage can be exacerbat-
ed if the temperature is above 0 °C at the time of
precipitation and then drops below freezing. This
causes the snow to become attached to twigs
more effectively (Solantie and Ahti 1980, Rott-
mann 1985a, Solantie 1994). Strong winds may
break trees which are already heavily loaded by
snow (Valinger and Lundqvist 1992b).
However, in normal conditions in Northern
and continental Europe low windspeed is a fur-
ther meteorological condition that favours large
snow accumulations, particularly when the snow
is wet (Sugiyama and Saeki 1963, Saeki and
Sugiyama 1965, Hoover and Leaf 1965, Kangur
1973, Gill 1974, Worrell 1979). If windspeeds
exceed 9 m s~', the unattached snow can be dis-
lodged (Solantie 1994). On the other hand, in
maritime regions, in blizzard conditions of strong
winds and wet snow it is still possible for severe
snow loading to occur. Windspeeds of around 25
m s"1 were recorded during a snow damage event
in Britain responsible for 80 000 m3 of timber
being damaged in a localised area (Wright and
Quine 1993). Although this combination of strong
winds and snow is unusual in Britain it is not
unique (e.g. Watson 1936, Frank 1948) and oc-
curs in other parts of the world (Guild 1986).
Unfortunately, there are few studies on the com-
bined effects of wind and snow loading and not
much statistical information is available (Rott-
mann 1985a, Wright and Quine 1993).
Rain and fog droplets which are intercepted by
trees at subzero temperatures may also accumu-
late as ice or rime, increasing the crown loading
on the tree by up to 50-60 % (Hall 1967, Solan-
tie and Ahti 1980, Petty and Worrell 1981, Solan-
tie 1994). Increased windspeeds will encourage
substantial accumulations, particularly on the
windward side of trees. Glazed ice damage caused
by freezing rain is an occasional feature of mari-
time climates (Sanzen-Baker and Nimmo 1941,
Nicholas and Zedacker 1989); accumulations of
10 cm of ice in windspeeds of 18-26 m s"1 have
been reported. The mechanical details of the dam-
age may be very similar to that caused by the
accumulation of snow, but the pattern of damage
may differ.
3.2 Interaction with Topographic Factors
Snow characteristics are determined by tempera-
ture and windspeed and both of these are influ-
enced by topography and location. Thus precipi-
tation is highest near coasts and on high ground,
windspeeds increase with elevation and temper-
ature decreases with elevation. These influences
are reflected in observations of damage.
Location. Snow loads usually form early in the
winter in Northern Europe, especially in coastal
locations. Proximity to the sea enhances the for-
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mation of snow, ice and rime, because moist air
is blown inland by prevailing westerly, south-
westerly and southeasterly winds (Heikinheimo
1920, Norokorpi 1981, 1994, Norokorpi and
Kärkkäinen 1985). The duration and quantity of
wet snow precipitation on trees is greater near
the sea than inland (e.g. Heikinheimo 1920, No-
rokorpi 1994). Thus, the highest percentage of
heavily damaged stands have been found closest
to the coast (Suominen 1963, Valinger and Lund-
qvist 1992a). In addition, the amount of oro-
graphic precipitation, which occurs when topog-
raphy forces moist air to rise, further increases
the risk of snow loading as the wind blows on-
shore (Heikinheimo 1920, Solantie and Ahti
1980, Norokorpi 1981, Rottmann 1985a, Noro-
korpi 1994, Solantie 1994). Similar regional pat-
terns are found elsewhere; for example, the North
Yorks Moors, an area of relatively high relief
close to the North Sea coast of Britain, has been
repeatedly damaged by snow events (Wright and
Quine 1993).
Slope and aspect. It would appear that the
gradient of the slope has only a minor influence
on snow damage. Damage has been reported to
be slightly more common on steep slopes (Rott-
mann 1985a), but it is unclear whether this is due
to greater accumulations in calm conditions or to
development of asymmetric crowns on such sites
(Curtis 1936). Slopes which have been found to
be more prone to damage are those with an east-
ern aspect for southern Finland (Suominen 1963,
Solantie and Ahti 1980, Solantie 1994) and with
southern and southwestern aspects in northern
Finland. In northern Sweden snow damage has
tended to occur on south-eastern slopes (Valin-
ger and Lundqvist 1992a) even though, snow
loads remain longer on trees with north facing
slopes (Heikinheimo 1920). According to Rott-
mann (1985a, 1985b), snow damage in Central
Europe occurs on all slopes, but slopes with
northern, northeastern, eastern (and occasionally
even southeastern) aspects are most liable to snow
damage. Stands most liable to snow damage are
often situated on windward slopes (Heikinheimo
1920, Solantie and Ahti 1980). However, Crem-
er et al. (1983) note that snow damage is often
observed to be worse on sheltered sites and on
lee slopes than on exposed sites (see also Cremer
1983). The apparently contradictory nature of
these results reflect the variety of synoptic con-
ditions in which snow damage can occur in dif-
ferent regions and continents. In a glazed frost
storm in Britain the damage was recorded as
most severe on windward slopes (Sanzen-Baker
andNimmo 1941).
Altitude. The amount of snowfall, and there-
fore damage, are related to altitude, with higher
altitude sites generally being at greater risk
(Heikinheimo 1920, Persson 1972, Norokorpi
and Kärkkäinen 1985, Megahan and Steele 1987,
Dittrich 1989, Valinger and Lundqvist 1992a,
1992b, 1994). In Northern Europe, a limit of
100 m has been identified as the height above
which damage occurrence increases (Suominen
1963, Valinger and Lundqvist 1992a, 1994) and
forested land at altitudes greater than 150-200 m
above sea level seem to be most susceptible to
snow damage. This is because both the amount
of wet snow deposited on tree crowns (Suomin-
en 1963, Perttilä 1987, Valinger and Lundqvist
1992a, 1994) and the duration of snow loading
on trees increases at high altitude (Heikinheimo
1920, Mikola 1938, Solantie 1974, Norokorpi
1981). In contrast altitudes of 500-900m are
associated with highest incidence of snow dam-
age in Central Europe; damage can occur at any
altitude but is unlikely to occur above 1000 m
(Rottmann 1985a). These differences between
regions probably reflect the variation in eleva-
tion where there is high incidence of heavy, wet
snowfall (Parez 1972, Rottmann 1985a, Dittrich
1989, Slodicäk 1995) and where there is forest
adapted to snow accumulation (Mikola 1938,
Rottmann 1985a).
3.3 Frequency of Occurrence
Season of damage will depend upon the occur-
rence of the favoured conditions, and this in turn
will depend upon geographic location and cli-
matology. In Northern Europe damage is most
likely to occur in late autumn and early spring
when the probability of wet snowfall is highest
(e.g. Heikinheimo 1920, Norokorpi 1981, 1994).
However, in mountain forests of Central Europe
damage may occur throughout most of the year,
with the exception of the summer months, June,
July and August (Rottmann 1985a).
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In some areas snow damage may occur almost
every year (Heikinheimo 1920), but in others the
frequency varies a lot (Rottmann 1985a, Solan-
tie 1994). On the whole, for example in Northern
Europe, the occurrence of snow damage has in-
creased over the last few decades mainly due to
the increase in total growing stock (Valinger and
Lundqvist 1994). Unfortunately, only few snow
damage statistics are available (Rottmann 1985a,
Solantie 1994). Frequency of damage in Finland
has been calculated on the assumption that for
low or moderate snow damage, the water equiv-
alent of the snow cover should increase by 40
mm or more over a period of five days (Solantie
1994). Recently, the limit of low and moderate
damage has been exceeded on average every 5
years in the south and every 3 years in the north-
east. In other parts of Finland, excluding some
regions which are at higher elevation, this limit
is exceeded every 8 to 17 years (Solantie 1994).
In some areas of Germany snow damage has
been found to occur every 3.5 to 7 years (Rott-
mann 1985a). Schroeder and Eidmann (1993)
identify 10 winters with severe damage in the
last 30 years in Sweden, with annual losses due
to snow breakage varying from 100 000 m3 to 1
million m3 per winter. In some years only high
elevation sites have been affected, i.e. greater
than 400 m. In maritime sites damage may occur
infrequently - in Britain the conditions neces-
sary to cause notable damage occur somewhere
perhaps once every 10 years, and are far rarer
than damage events caused by wind alone (Quine
1995).
The variability in snow type and complex in-
fluence of location, topography, windspeed and
temperature make it difficult to assess the value
of results transferred from one region to another.
In some areas, where large snow accumulations
are a common feature of the climate, snow dam-
age may conform to a clear geographic pattern.
However, in other areas with wide variation in
snow accumulation from year to year it may
require a considerable period of study to identify
patterns of typical damage; the damage in a
single event may reflect the particular synoptic
conditions lasting perhaps a few hours, and not
the climatology of snow.
4 Tree and Stand
Characteristics
4.1 Tree Characteristics
Taper and crown characteristics are the main
factors which control the resistance of trees to
snow and the combined effect of snow and wind
(e.g. Persson 1972, Petty and Worrell 1981, Rott-
mann 1985a, Valinger et al. 1993). Tree species
and stand characteristics, particularly stand den-
sity, affect the development of these tree charac-
teristics and therefore the susceptibility of trees
to snow damage.
Crown type. On the whole, crown size and form
are very important (Rottmann 1985a, 1985b,
Valinger et al. 1993), because of the larger lever
arm (i.e. distance between the centre of gravity of
the tree and the ground) (Fig. 3). Trees with asym-
metrical crowns are highly susceptible to snow
damage (Heikinheimo 1920, Curtis 1936, Miko-
la 1938, Sanzen-Baker and Nimmo 1941, Haring
and Iugu 1970, Persson 1972, Kangur 1973,
Williston 1974, Braastad 1978, Worrell 1979,
Perttilä 1987). This is, because the stems are sub-
ject to bending stresses due to the imbalance in
snow loading (Worrell 1979). The narrow crown
form has proven to be more resistant to snow
damage than other crown forms, because with a
smaller horizontal projection area of the tree
crown, it has a greatly reduced surface for snow
accumulation (Mikola 1938, Persson 1972). Such
crown forms occur in natural stands of Norway
spruces in high risk areas. In general, coniferous
trees with downward hanging branches and nar-
row crowns (e.g. Norway spruce provenances,
Picea mariana, Picea omorica) seem to be much
less susceptible to snow damage (Gill 1974, Rott-
mann 1985a) than those with rigid horizontal
branches and broad crowns (e.g. Scots pine) due
to the efficiency of snow shedding (Wakabayashi
1979). Increasing crown depth lowers the centre
of gravity of the snow loading making trees more
resistant to stem breakage (Heikinheimo 1920,
Merkel 1975, Kramer 1975, Rottmann 1985a).
Stem taper. In addition to crown characteris-
tics, stem taper is also an important factor with
respect to snow damage of trees. Trees with only
slightly tapering stems are most susceptible to
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Fig. 3. The risk of snow damage is affected by crown depth, stem taper
and height (lever arm) of the gravity centre. The risk of example
trees for stem breakage decreases from left to right (adapted from
Rottmann 1985a).
breakage caused by snow loading (Mindler 1967,
Furuno and Watanabe 1970, Cool and Goebel
1971, Parez 1972, Kangur 1973, Lear and Sauci-
er 1973, Gill 1974, Kramer 1975, Merkel 1975,
Abetz and Prange 1976, Ffolliot and Thompson
1976, Braastad 1978, Worrell 1979, Petty and
Worrell 1981, Rottmann 1985a, Matthews 1989).
Various authors have identified trees which have
a taper of less than 1:90 or 1:100 as particularly
susceptible (Mindler 1967, Braastad 1978, Wor-
rell 1979, Petty and Worrell 1981, Peltola et ai.
1997a). A critical ratio, such as 1:90 is exceeded
at different ages, depending on tree species and
plant spacing; breast height diameter to tree
height-ratio of trees increases with increasing
age, and thus the probability of snow breakage
decreases in older trees. On the whole, trees with
straight, highly tapering stems and tall, live
crowns are more resistant to stem breakage than
leaning or crooked trees and those with short
crowns (Petty and Worrell 1981, Matthews 1989).
4.2 Tree Species
Tree species has a large influence on crown char-
acteristics and stem strength (wood strength), not-
ed above as being important components of tree
stability when loaded with snow. In Europe, co-
niferous trees are generally taken as more sus-
ceptible to snow damage than deciduous tree
species (e.g. Heikinheimo 1920, Suominen 1963,
Samuelsson 1970, Rottmann 1985a). For exam-
ple, in Northern Europe, it has been found that
forests dominated by conifers tend to be more
heavily damaged by snow than those dominated
by birch sp. (Suominen 1963, Norokorpi 1981,
Norokorpi and Kärkkäinen 1985). However, in
certain circumstances birch sp. has also been
seriously damaged (Kangas 1959, Suominen
1963).
Norway spruce is generally considered to be
more resistant to damage than Scots pine (e.g.
Heikinheimo 1920, Norokorpi 1981, Perttilä
1987, Valinger and Lundqvist 1992a), even
though it provides a greater surface area for snow,
glaze and rime accumulation. This apparent re-
sistance may be due to the fact that the weight of
snow is more evenly distributed so that the tree's
centre of gravity is much lower (Fig. 4). Further-
more, the crown of Norway spruce tends to be
more symmetrical and extended than in Scots
pine. In high mountain areas such as those in
Central Europe, the stem form of Norway spruce
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Fig. 4. Examples of the distribution of wind and snow loading with
respect to stem and crown weight for Scots pine (above), Norway
spruce (in middle) and birch sp. (bottom) for heights of 12 m and
tapers of 1:120. Windspeed is 8 m/s at canopy top (Peltola et ai.
1997a).
is also abnormally tapered and the crown is nar-
row (Rottmann 1985a). For Scots pine, the snow
loading may be concentrated some distance from
the stem's longitudinal axis, thus decreasing the
stability of the stem (Heikinheimo 1920, Kangas
1959, Perttilä 1987). The differences in stability
may also be due to differences in branch capaci-
ty to carry snow and branching habit between
species. In the high altitudes of northern Fin-
land, Scots pine suffers from snow damage al-
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Table 2. Relative risks of various tree species to each other to snow damage in Europe
according to some authors (see below).
Severity of damage Tree species
Latin name English name
Low damage
Moderate damage
Severe damage
Betula sp.
Picea abies
Pseudotsuga menziesii
Larix sp.
Quercus sp.
Acer pseudoplatanus
Picea abies
Pinus sylvestris
Betula sp.
Abies alba
Picea omorica
Larix sp.
Quercus sp.
Acer pseudoplatanus
Fagus sylvatica
Fraxinus excelsior
Pinus sylvestris
Picea abies
Larix sp.
Pinus contorta
Picea sitchensis
Betula sp.
Populus sp.
Fagus sylvatica
Fraxinus excelsior
Birch sp. 4)< 6>
Norway spruce ^ 6 ) '9 ) '1 0 )
Douglas fir 7)
Larch sp., without needles 7 ) '5 )
Oak sp., leafless 7)
White maple, -" - 7 )
Norway spruce 4)>5)
Scots pine 4 ) '5 )
Birch sp. 7)
Silver fir 7>
Serbian spruce 7)
Larch sp., with needles 7)
Oak sp., with leaves 7)
White maple, - " - 7 '
Common beech, leafless 7>
European ash, -"- 7 )
Scots pine') '2)'6)-8)'10)11)
Norway spruce 4)> 7)
Larch sp., with needles 7)
Lodgepole pine 5)
Sitka spruce 5)
Birch sp. 3>>4>-7)
Poplars sp. ')•7 )
Common beech, with leaves 7)
European ash, -"- 7 )
References used in Table 2: 1) Heikinheimo 1920, 2) Mikola 1938, 3) Kangas 1959, 4) Suominen 1963, 5)
Worrell 1979, 6) Norokorpi 1981, 7) Rottmann 1985a, 8) Norokorpi and Kärkkäinen 1985, 9) Perttilä 1987, 10)
Valinger and Lundqvist 1992a and 11) Norokorpi 1994
most every year (Norokorpi 1981) decreasing
the proportion of Scots pine compared to Nor-
way spruce up to a risk limit for snow damage of
260-330 m. Therefore, Norway spruce-dominat-
ed, uneven-aged stands form the upper forest
limit in the high slopes of northern Finland
(Heikinheimo 1920, Norokorpi 1981, 1994, No-
rokorpi and Kärkkäinen 1985).
Although there are some clear differences in
mechanical terms, there is also confusion be-
tween stability of species, which can be seen in
Table 2, where susceptibility of various tree spe-
cies is presented. Thus, Norway spruce appears
in each damage category. Lack of clarity in clas-
sification of risk of various tree species may be
caused by the different location of species in
different countries as well as definitions and clas-
sifications of various references. An inability to
control for multiple factors makes simple con-
clusions e.g. ranking of species drawn from the
occurrence of damage difficult and potentially
misleading (Wright and Quine 1993).
4.3 Stand Characteristics
Stand density. In young dense stands, a heavy
drifting snowfall can cause widespread damage
as snow settles and consolidates, causing dense
stands to suffer heavier damage than sparsely
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populated stands, because of less stable slightly
tapering stems (Suominen 1963, Saeki and Sugi-
yama 1965, Persson 1972, Worrell 1979, Petty
and Worrell 1981). Crown forms in dense stands
are more likely to develop asymmetrically and
crowns tend to be shorter than in stands with
more widely spaced trees (Chroust 1965, Pers-
son 1972, Rottmann 1985b, 1986, Valinger et al.
1993). Group collapse can occur as a result of
the pressure caused by continuous layers of snow
loading (Kangur 1973, Worrell 1979, Rottmann
1985a). By contrast, Shepard (1975) has sug-
gested that stands of intermediate density are
most vulnerable to snow damage, because trees
can receive mutual support in denser stands.
Stand height. Risk of snow-induced damage
usually increases with tree height (e.g. Persson
1975, Valinger and Lundqvist 1992a). Stands
with dominant tree heights of 17 m or more have
been found to be more susceptible to snow dam-
age than shorter stands, but all slender trees of
10-20 m in height have been found liable to
snow damage (Kangur 1973, Worrell 1979, Rott-
mann 1985a). Some authors have stated that the
dominant trees within a stand are commonly dam-
aged by snow (Schöpfer 1964, Persson 1972,
Armescu 1973, Gill 1974, Worrell 1979) but
others have suggested that most damaged trees
have been lower than average in height or sup-
pressed (Schubert 1971, Parez 1972, Steiner 1975,
Braastad 1978, Rottmann 1985a). The suppressed
trees are often broken under the crown base,
while dominant trees lose only the top of the
crown. Therefore the evidence of the effect of
stand height is conflicting, and it is clear that
height cannot be used as the sole explanation for
damage.
Stand uniformity. Snow damage, in both North-
ern and Central Europe, can occur in mature
stage stands (Suominen 1963, Valinger and Lund-
qvist 1992a, 1992b, Rottmann 1985b). At this
age, shade trees such as Norway spruce, are most
commonly damaged, especially during the stage
of height growth culmination (Rottmann 1985a,
1985b, Slodicäk 1995). One reason may be the
fact that these age classes have often been inten-
sively thinned (Suominen 1963). Scots pine, like
other light-demanding tree species, are most vul-
nerable to snow damage during the thicket stage
(Rottmann 1985a).
It has been suggested that in areas which are
considered high risk for snow damage, uneven-
aged stands are preferable to even-aged stands
(Assman 1970). The benefits are claimed to de-
rive from the greater stem taper, and even distri-
bution of snow and to be most marked when the
young trees are evenly distributed through the
stand. However, if the young trees are growing in
groups, snow will tend to accumulate on these
smaller trees, putting them at higher risk of dam-
age. Similarly if most of the stems belong to the
dominant class there may be widespread damage
that can affect the potential for natural regenera-
tion (Heikinheimo 1920). Others have suggested
that trees should be evenly distributed and wide-
ly spaced in high risk areas (Valinger et al. 1993).
Once again there is conflicting evidence and it is
hard to draw firm conclusions from the evidence.
For example, wide spacing between trees has a
potential drawback of increasing windspeed with-
in canopy, thereby increasing wind load. How-
ever, this may be of benefit in certain circum-
stances by removing the snow from the branches.
5 Management against Snow
Damage
5.1 Regeneration
There are a number of stages in the management
of forest at which decisions made by forest man-
agers can affect the risk of snow damage. At this
stage it is not possible to give the absolute bene-
fits of any particular practice, but rather weigh
up the relative merits of different strategies
(Quine et al. 1995).
Choice of regeneration method. It has been
postulated that natural regeneration minimizes
snow damage (Persson 1975). However, others
have noted that plantations have suffered only
minor damage in the same areas where natural
stands have been damaged severely, because trees
in the plantations are uniformly spaced and have
balanced crowns (Williston 1974). If artificial
regeneration is used, tree spacing and the meth-
od used to sow seeds are important factors. In
seedling stands that have been regenerated by
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sowing, substantial damage has occurred. Broad-
cast sowing, in particular, appears to increase
risk as compared to drill sowing (Kunze 1897,
see Persson 1972). Whereas Perttilä (1987) has
recommended sowing rather than planting, Pers-
son (1972, 1975) has claimed that the difference
is minimal in terms of snow damage risk. How-
ever, if planting is used, then bare-root plants
seem to produce higher risk stands than ball-
seedlings. Thus, in order to prevent snow dam-
age it is recommended that small ball-seedlings
are used, because their ability to anchor is much
better (Persson 1975). Damage will be most ap-
parent where a uniform spread and depth of root
system is not achieved. This may result from
rough handling, inappropriate containers and re-
striction of roots due to plough furrows or other
obstacles, e.g. old stumps (Quine et ai. 1991,
Quine et ai. 1995).
Choice of species and provenance. On the
whole, in planted stands it is very important to
use local or similarly resistant seed sources. If
seeds are transported from more southern, warm-
er, more maritime or lower elevation regions,
they tend to be more susceptible to snow damage
(e.g. Kalela 1937, Suominen 1963, Persson 1972,
Schnekenburger et ai. 1985, Megahan and Steele
1987). This is most often due to the crown form
being unadapted to the snow loading. For exam-
ple, in Britain heavily crowned coastal prove-
nances of lodgepole pine have suffered more
snow damage than lightly crowned trees from
inland sources (Worrell 1979). The coastal prov-
enance also displayed basal sweep which further
predisposed it to damage as the stem weight was
displaced laterally from the root system (Lines
1980, Lines 1996).
Although it is best to use resistant tree species
in high risk areas (Sanzen-Baker and Nimmo
1941, Williston 1974, Rottmann 1985b) it may
not be easy to identify these without trials. A
heavy dependence placed on observational evi-
dence may be misleading. In Central European
conditions Rottmann (1985a) has suggested sub-
stituting Norway spruce and Scots pine with
Douglas fir or deciduous tree species, which have
been identified as more resistant to snow dam-
age. However, it is far from clear whether such
species would survive and grow on the sites of
highest risk currently occupied by Scots pine
and Norway spruce. Another possible way to
increase resistance against snow loading is to
grow trees in mixed stands or to follow natural
succession (Rottmann 1985b). Each of these de-
cisions is potentially costly.
Choice of initial spacing. Increased planting
density seems to increase the occurrence of snow
damage, because of the consequent decrease in
tree taper (Andersson 1967, Persson 1972, 1975,
Cremer et ai. 1983, Slodicäk 1995). Johann
(1981) has suggested that most snow damage
occurs for high stocking densities (e.g. 6900 seed-
lings/ha). Planting densities of 1700 to 3000 seed-
lings/ha have been recommended as being more
resistant to snow damage (Persson 1972) and
widely spaced planting strategies as most appro-
priate at high altitudes in high risk areas (Rott-
mann 1985a, 1985b). It has been claimed that
the benefits of such strategies can outweigh the
disadvantages of the economically poor height
diameter ratio that results (Johann 1981).
5.2 Tending of Seedling Stand
Wide spacing increases protection and minimiz-
es snow damage by stimulating diameter growth.
The low rate of cleaning (self-thinning) of seed-
ling stands can increase the risk for snow dam-
age (Andersson 1967, Samuelson 1970, Persson
1972). Unthinned, young and dense stands with
closed canopies are most liable to snow damage
because these trees tend to be slender and unsta-
ble, and so it is important to thin the groups of
plants. Thus, early respacing is very important
for dense seedling stands (Slodicäk 1995) to al-
low good root and stem development, especially
in stands which have been regenerated by sow-
ing (Persson 1975). It has been suggested that
stands should be cleaned (Johann 1981) to a
stocking density of about 2000 seedlings/ha when
the mean height is between 2 and 3 m depending
on site class and tree species (Samuelsson 1970).
Stems and roots will have stabilized before
stems reach the critical height for snow loading
if seedling stands are tended or thinned efficient-
ly and early enough (Samuelson 1970, Persson
1972, Valinger and Lundqvist 1992a). Snow dam-
age of seedlings can also be reduced by leaving
some larger trees to provide shelter from snow
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loading. According to Johann (1981), snow dam-
age is more likely to occur within the 3 to 5 year
period after cleaning of the seedling stand.
5.3 Thinning
Thinning age. Trees in unthinned stands are usu-
ally susceptible to snow damage (Schubert 1971,
Persson 1972, Rottmann 1985a). To reduce snow
damage by improving taper development, first
thinning should be done when the mean height is
10 m or less. Tree spacing to promote suitable
taper can also be achieved via heavy thinning
after canopy closure (Cremer et al. 1983, Slodi-
cäk 1995). If cleaning of the stand has been done
early enough or seedlings have been planted with
wide enough spacing, the first thinning can be
left until a mean height of 15 m is reached (Pers-
son 1972, Johann 1981). If thinning is delayed
until tree height reaches 20 m, the risk of snow
damage will increase (Samuelsson 1970, Pers-
son 1972, Rottmann 1985a).
Thinning pattern. It has been suggested that
low thinning (i.e. selective thinning from below)
reduces the risk of snow damage, because slen-
der and smaller trees are removed (Persson 1972,
Persson 1975, Schnekenburgeretal. 1985, Valin-
ger and Lundqvist 1992a). During high thin-
nings (i.e. selective thinning from above) domi-
nant trees are removed, which makes the re-
maining trees weaker and more susceptible to
snow damage (Persson 1972). Trees seem espe-
cially liable to stem breakage after heavy high
thinnings, when compared to unthinned stands
both in Norway spruce and Scots pine stands
(Persson 1972, Rottmann 1985a, Valinger et al.
1994). In general both unthinned and high thinned
stands (25 % from basal area) are more liable to
damage by snow than low thinned stands (Valin-
ger et al. 1994). Stands which have undergone
systematic thinning (such as row or line thin-
nings) also seem to be more prone to snow dam-
age than low thinned stands (Persson 1972,
Williston 1974, Shepard 1975, Valinger and Lun-
dqvist 1992a).
Thinning grade. Samuelsson (1970) has sug-
gested that the thinning grade does not affect the
risk of snow damage if low thinning is used
(which is recommended in young stands). Un-
like Samuelsson (1970), Persson (1972) and
Valinger et al. (1994) have found that in low
thinnings snow damage decreases with increased
thinning grade, but risk of insect or fungal at-
tacks increases. On the other hand, if weak indi-
viduals are left after light low thinning (approxi-
mately 25 % from the basal area) it is usually
these weakened trees that are damaged by snow
(Persson 1972, 1975). Over-stocked stands in
particular should be thinned by light and fre-
quent low thinnings (Williston 1974).
Sensitivity after thinning. Also low thinning
temporarily increases the susceptibility of a stand
to snow damage (Powers and Oliver 1970, Parez
1972, Abetz and Prange 1976, Schnekenburger
et al. 1985). Trees are most susceptible to snow
damage during the first and second years after
thinning (Suominen 1963, Samuelson 1970, Pers-
son 1972, 1975, Shepard 1975, Perttilä 1987,
Valinger and Lundqvist 1992a, 1992b) but the
period of enhanced risk may last for 5 years after
low thinning and 8 years after high thinning
(Johann 1981, Valinger and Lundqvist 1992a,
1992b, Valinger et al. 1994). On high risk sites,
thinning should be repeated only a few times
within a single rotation. Frequent thinnings, par-
ticularly of older stands, should be avoided, be-
cause of the disruption to the canopy and in-
creasing risk of root rot (Samuelson 1970, Pert-
tilä 1987).
5.4 Fertilization
The risk of snow damage can be minimized by
avoiding high-risk silvicultural treatments such
as combined thinning and fertilization in high
risk areas (Persson 1972, Valinger et al. 1993,
Valinger and Lundqvist 1994). Snow damage to
trees has been found to increase by up to 100 %
after fertilization (Persson 1972). This is because
fertilization (e.g. with nitrogen) promotes in-
creased growth within the crown and a greater
number of long needles resulting in an increase
in area available to catch rime, snow and ice
(e.g. Kreutzer 1967, Schnekenburger et al. 1985,
Valinger et al. 1994). Stem wood produced after
fertilization may also develop less dense fibres
which are less resistant to structural damage
(Schneckenburger et al. 1985).
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Tree crown growth increases more than stem
and root diameter growth in the first few years
after fertilization (Persson 1972, Perttilä 1987,
Valinger 1992b). Furthermore, fertilization pro-
motes expansion of the upper crown at first, with
an increase in lower bole growth a few years
later (Valinger and Lundqvist 1992b). The com-
bination of thinning and nitrogen fertilization
causes an even higher risk than fertilization or
thinning alone. According to Valinger and Lund-
qvist (1992a, 1992b), the combined treatments
lead to a prolonged period during which trees are
sensitive to damage. This means that a sensitive
period of 4 to 5 years after thinning or fertiliza-
tion may be extended to 8 to 10 years after the
combined treatment (Valinger et al. 1994). These
operations and their influence on damage could
lead to unscheduled thinnings in damaged stands,
which may happen at inconvenient times for stand
development and disrupt forest management plan-
ning and harvesting schedules. Repeated fertili-
zations have also been shown to increase dam-
age (Hirvelä and Hynynen 1990).
6 Discussion and Conclusions
Within the European Community snow damage
accounts 4 million m3 of timber every year, caus-
ing significant economical losses to the forest
owners. Regionally the amount of snow damage
can vary from breakage of a single tree to forest
damage over tens of hectares (Rottmann 1985a).
Such damage can force forest owners to change
their forest management and incur additional
costs or adopt strategies that are not optimal.
Tree growth can be reduced under snow loading
and the quality of timber decreased. Trees suf-
fering crown breakage are liable to consequen-
tial damage (Valinger and Lundqvist 1994, Valin-
ger etal. 1994).
Snow damage in forests depends on the interac-
tion of meteorological conditions, topography,
and tree and stand characteristics; the latter are
controlled by management regimes and forest
operations. To weigh up the relative importance
of the different factors is very difficult and can
lead to conflicting advice. Thus certain topo-
graphic positions may tend to be used for partic-
ular species which are managed by a particular
regime; attributing the pattern of damage that re-
sults solely to e.g. species would be misleading.
Cross-comparisons between countries can be very
difficult because of different silvicultural practic-
es and climatologies - hence the different eleva-
tional zones at risk in Northern and Central Eu-
rope. Different synoptic conditions can produce
snow of very different moisture contents which
behave differently e.g. dry snow is dislodged in
modest winds, but wet snow is driven to adhere to
stems in strong winds. Such conditions may be
found within a single event. Snow damage is
therefore a simple term that encompasses a very
variable phenomena, and may include loading due
to snow and freezing rain. For some events the
effects are so transient as to make recording at
time of damage very difficult. Researchers should
therefore beware simple conclusions from pat-
terns of damage and should also be careful to
define the type of snow damage concerned. More
effort should be taken to specify the mechanisms
of snow accumulation, the type, amount and du-
ration of loading, and the characteristics of the
stand that affect the mechanical strength of the
trees (Table 3). There is a need to further clarify
the terminology of snow damage.
Stem taper and crown characteristics are the
main tree characteristics which control the tree
resistance to snow loading. Asymmetric crowns,
stiff branches, and slender tree stems all repre-
sent high risk trees. While crown characteristics
may be species or provenance dependent, taper
is very dependent on silvicultural regime. Choice
of regeneration method, species and provenanc-
es, site preparation, initial spacing, tending and
thinning method, can decrease the risk for snow
damage. For example, Valinger et al. (1993) have
suggested that risk of snow damage could be
reduced by as much as 40 %, if high risk trees
are removed, based on simulated thinnings. This
is because stem strength is strongly related to
diameter and therefore highly tapered trees are
most resistant. However, the means by which
this taper is achieved is important, e.g. late thin-
ning is highly vulnerable. In high risk areas it
would be best to select resistant strategies but
the difficulty is to specify these and to obtain an
appropriate balance between risk minimisation
and production potential. Many of the potential
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Table 3. Factors influencing risk and type of snow damage. Possible components of a model of risk of snow
damage.
Snow
provision
Geographic location
Topographic position
Elevation
Aspect
Snow type
Snow
accumulation
Crown structure
Stand structure
Mechanical
resistance to loading
Branch strength
Stem strength
Root anchorage
Silvicultural
practice
Species choice
Establishment
Spacing
Thinning/cleaning
Forest layout
strategies are costly or result in sub-optimal pro-
duction from the stand; for example Garack and
Schroder (1986) found that pursuing a wider
spacing strategy to produce the desired taper
resulted in a loss of volume of almost 10 %.
During the last few decades, it has been sug-
gested that the apparently increasing risk of snow
damage for example in Northern Europe, is due
mainly to the increase in total growing stock
(Valinger and Lundqvist 1994). In the future,
assuming the global change in climate, both the
mean temperature and precipitation could rise in
northern latitudes (Kettunen et ai. 1987, Carter
et ai. 1995), and the risk of snow damage could
increase compared to the present day. This is
because, the frequency of snowfalls at tempera-
tures of around zero could increase. Thus, the
snow damage risk may increase even though the
relative amount of snowfall of the total precipi-
tation would be reduced as predicted (Kuusisto
1989). Therefore, an understanding of the link
between risk assessment and forest management
could be more important than now in order to
prevent an increase in the amount of snow dam-
age. However, to weigh up the relative impor-
tance of the factors affecting risk of snow dam-
age requires an objective framework, and this
does not yet exist. Work is required to develop a
risk model and to improve basic understanding
of the processes involved. Such a model should
address the process of snow accumulation, and
the combined effect of wind and temperature;
how the probability of the various types of snow
varies within regions; the mechanisms of load-
ing on the tree crown and stem; measures of the
trees mechanical resistance to loading.
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